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1. 

VALIDATION AND STABILIZATION OF 
NOISE MATRICES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of U.S. patent applica 
tion Ser. No. 13/185.505, filed Jul.19, 2011, which claims the 
benefit of U.S. Provisional Patent Application 61/368,448, 
filed Jul. 28, 2010. The disclosures of these related applica 
tions are incorporated herein by reference. 

FIELD OF THE DISCLOSURE 

The present disclosure relates generally to communication 
systems, and particularly to methods and systems for validat 
ing and stabilizing noise covariance matrices. 

BACKGROUND 

Some communication receivers receive signals over mul 
tiple communication channels using multiple receive anten 
nas. Multi-antenna reception is used, for example, in Single 
Input Multiple-Output (SIMO) and Multiple-Input Multiple 
Output (MIMO) communication schemes. MIMO schemes 
are applied, for example, in Evolved Universal Terrestrial 
Radio Access (E-UTRA) systems, also referred to as Long 
Term Evolution (LTE) systems, and in subsequent LTE-Ad 
vanced (LTE-A) systems. 

The Third Generation Partnership Project (3GPP) 
E-UTRA standards specify MIMO schemes for use by 
E-UTRA User Equipment (UE) and base stations (eNodeB). 
These schemes are described, for example, in 3GPP Techni 
cal Specification 36.211, entitled “Technical Specification 
Group Radio Access Network: Evolved Universal Terrestrial 
Radio Access (E-UTRA); Physical Channels and Modulation 
(Release 8).” (3GPP TS 36.211), version 8.6.0, March, 2009, 
in 3GPP Technical Specification 36.213, entitled “Technical 
Specification Group Radio Access Network: Evolved Univer 
sal Terrestrial Radio Access (E-UTRA); Physical Layer Pro 
cedures (Release 8).” (3GPP TS 36.213), version 8.6.0, 
March, 2009, and in 3GPP Technical Report 36.814, entitled 
“Technical Specification Group Radio Access Network; Fur 
ther Advancements for E-UTRA Physical Layer Aspects (Re 
lease 9).’” (3GPP TR36.814), version 0.4.1, February, 2009, 
which are incorporated herein by reference. 

The description above is presented as a general overview of 
related art in this field and should not be construed as an 
admission that any of the information it contains constitutes 
prior art against the present patent application. 

SUMMARY 

An embodiment that is described herein provides a 
method, which includes receiving a signal via multiple 
receive antennas. A noise covariance matrix, which indicates 
noise correlations between pairs of the receive antennas, is 
estimated. A stability criterion defined over the noise covari 
ance matrix is evaluated, and the noise covariance matrix is 
modified when the stability criterion is violated. The received 
signal is processed using the modified noise covariance 
matrix. 

In some embodiments, processing the received signal 
includes demodulating the received signal using the modified 
noise covariance matrix. In an embodiment, processing the 
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2 
received signal includes computing one or more Channel 
State Information (CSI) metrics using the modified noise 
covariance matrix. 

In a disclosed embodiment, estimating the noise covari 
ance matrix includes estimating one or more non-Zero off 
diagonal elements of the noise covariance matrix, and evalu 
ating the stability criterion includes assessing the stability 
criterion over the non-Zero off-diagonal elements. In an 
embodiment, evaluating the stability criterion includes veri 
fying whether the non-Zero off-diagonal elements are Smaller 
than a threshold in relation to diagonal elements of the noise 
covariance matrix, and modifying the noise covariance 
matrix includes setting the non-zero off-diagonal elements to 
ZEO. 

In another embodiment, verifying whether the non-zero 
off-diagonal elements are smaller than the threshold includes 
calculating a ratio between the non-Zero off-diagonal elle 
ments and the diagonal elements, and comparing the ratio to 
the threshold. In still another embodiment, evaluating the 
stability criterion includes verifying whether the noise cova 
riance matrix is positive-definite, and modifying the noise 
covariance matrix includes Scaling down the non-Zero off 
diagonal elements by a predefined scale factor. In an example 
embodiment, scaling down the non-Zero off-diagonal elle 
ments includes iteratively scaling down the non-Zero off 
diagonal elements until the noise covariance matrix becomes 
positive-definite. 

In some embodiments, the method includes, upon detect 
ing that a diagonal element of the noise covariance matrix is 
non-positive, setting the diagonal element to a positive value. 
In an embodiment, modifying the noise covariance matrix 
includes causing the noise covariance matrix to meet the 
stability criterion. In another embodiment, receiving the sig 
nal includes receiving one of a Single-Input Multiple-Output 
(SIMO) signal and a Multiple-Input Multiple-Output 
(MIMO) signal via the multiple receive antennas. 

There is additionally provided, in accordance with an 
embodiment that is described herein, apparatus including a 
receiver front-end and a processor. The receiver front-end is 
configured to receive a signal via multiple receive antennas. 
The processor is configured to estimate a noise covariance 
matrix that indicates noise correlations between pairs of the 
receive antennas, to evaluate a stability criterion defined over 
the noise covariance matrix, to modify the noise covariance 
matrix when the stability criterion is violated, and to process 
the received signal using the modified noise covariance 
matrix. In Some embodiments, a mobile communication ter 
minal includes the disclosed apparatus. In some embodi 
ments, a chipset for processing signals in a mobile commu 
nication terminal includes the disclosed apparatus. 
The present disclosure will be more fully understood from 

the following detailed description of the embodiments 
thereof, taken together with the drawings in which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram that schematically illustrates a 
receiver, in accordance with an embodiment that is described 
herein; and 

FIGS. 2 and 3 are flow charts that schematically illustrate 
methods for stabilizing noise covariance matrices, in accor 
dance with embodiments that are described herein. 

DETAILLED DESCRIPTION OF EMBODIMENTS 

Embodiments that are described herein provide improved 
methods and systems for reception using multiple antennas. 
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Disclosed techniques validate and stabilize noise that is esti 
mated by a multi-antenna receiver. In some embodiments, the 
receiver receives a signal via multiple receive antennas, and 
estimates a noise covariance matrix whose elements indicate 
the noise power per antenna and noise correlations between 
pairs of the antennas. The receiver then uses the noise cova 
riance matrix in processing received signals, e.g., for 
demodulation or channel estimation. 

In some practical scenarios, however, the estimated noise 
covariance matrix deviates from the actual noise covariance 
matrix, for example because of estimation and/or quantiza 
tion errors. These deviations potentially cause errors and 
instability in Subsequent receiver processing that is based on 
the estimated noise covariance matrix. 

In some embodiments, the receiver validates the estimated 
noise covariance matrix and, if needed, modifies the matrix in 
order to stabilize it. Typically, the receiver evaluates a stabil 
ity measure (and an associated criterion) that are defined over 
the elements of the estimated covariance matrix. In some 
embodiments, the stability measure and criterion are evalu 
ated over non-Zero off-diagonal elements of the estimated 
noise covariance matrix. If the stability criterion is violated, 
the receiver modifies the matrix in order to meet the criterion. 
Subsequent processing, such as demodulation or channel 
estimation, is performed using the stabilized matrix. 

Several examples of stability criteria and stabilization 
schemes are described herein. In one embodiment, the 
receiver checks whether the ratio between the non-zero off 
diagonal elements and the diagonal elements of the estimated 
noise covariance matrix is Smaller than a threshold. If so, the 
non-Zero off-diagonal elements are reset to Zero. In another 
embodiment, the receiver verifies whether the estimated 
noise covariance matrix is positive-definite. If not, the non 
Zero off-diagonal elements are scaled down so as to make the 
modified matrix positive-definite. In yet another embodi 
ment, the receiver ensures that all the diagonal elements of the 
matrix are positive. 
The methods and systems described herein ensure that the 

receiver processes the received signals using a stable noise 
covariance matrix. By using these techniques, the receiver is 
able to achieve improved demodulation and channel estima 
tion accuracy by exploiting the additional information offered 
by the off-diagonal matrix elements (i.e., the noise cross 
correlations between different receive antennas). This perfor 
mance improvement is achieved without risk of errors or 
instability. 

FIG. 1 is a block diagram that schematically illustrates a 
receiver 20, in accordance with an embodiment that is 
described herein. Receiver 20 receives signals from a trans 
mitter (not shown) via multiple antennas 24. Antennas 24 are 
referred to herein as receive antennas, although in some 
embodiments they are used for both reception and transmis 
Sion. In some embodiments, receiver 20 operates in accor 
dance with the E-UTRA (LTE) specifications, cited above. In 
alternative embodiments, the receiver operates in accordance 
with the LTE-Advanced (LTE-A) protocol, in accordance 
with a certain MIMO or SIMO protocol, or in accordance 
with any other Suitable communication protocol that Supports 
multiple receive antennas. 

In an embodiment, receiver 20 is embodied in a mobile 
communication terminal. Such as an LTE User Equipment 
(UE). In an alternative embodiment, receiver 20 is embodied 
in any other suitable communication equipment, such as in a 
base station. 

In an embodiment, receiver 20 comprises a receiver front 
end (RX FE)28anda baseband (BB) processor 32. RX FE 28 
receives the signals from antennas 24, down-converts the 
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4 
received signals to baseband, and typically performs addi 
tional functions such as low-noise amplification, filtering, 
gain control and digitization. 

Baseband processor 32 processes the baseband signals pro 
duced by RF FE 28. Some of the processes carried out by 
processor 32 make use of a noise covariance matrix denoted 
R. Each element of this matrix gives the noise correlation 
between a respective pair of receive antennas. In other words, 
for N receive antennas, R., is an N-by-N matrix whose ij" 
element is the noise correlation between the i' receive 
antenna and the j" receive antenna. 
The noise covariance matrix R, comprises diagonal elle 

ments and off-diagonal elements. The diagonal elements are 
defined as theij" elements for whichij, and the off-diagonal 
elements are defined as the ij" elements for which izi. In the 
following example noise covariance matrix, the diagonal elle 
ments are marked “D” and the off-diagonal elements are 
marked “O’’: 

Equation 1 

: : : 
Processor 32 comprises a noise correlation estimation 

module 36, which estimates the noise power per antenna 24 
and the noise correlations between pairs of antennas 24 from 
the received signals. In the embodiment of FIG. 1, module 36 
uses the received signals to estimate the noise covariance 
matrix R. In various embodiments, processor 32 uses the 
estimated matrix R, for various purposes, such as for signal 
demodulation and/or channel quality estimation. 

In practice, however, the estimate of matrix R, produced 
by module 36, deviates from the actual noise covariance 
matrix. The deviations are caused, for example, by estimation 
errors, quantization errors or any other reason. Such devia 
tions potentially distort the demodulation and channel esti 
mation processes, and in some cases cause instability or 
divergence. 

In some embodiments, processor 32 comprises a validation 
and stabilization module 40 (referred to below as a stabiliza 
tion module for brevity). Module 40 validates whether the 
estimated noise covariance matrix produced by module 36 is 
stable and, if not, modifies the matrix so as to stabilize it. 
Subsequent processing is then applied to the stabilized matrix 
that is produced by stabilization module 40. In the present 
example, module 40 comprises a stability criterion evaluation 
unit 42, which evaluates a stability criterion defined over the 
elements of matrix R. Module 40 further comprises a cova 
riance stabilization unit 43, which modifies matrix R, so as 
to meet the stability criterion. The stabilized noise covariance 
matrix is provided as output of module 40. 

In the embodiment of FIG. 1, BB processor 32 comprises 
an Interference Rejection Combiner (IRC) 44, a Minimum 
Mean Square Error (MMSE) equalizer 48, and a Channel 
State Information (CSI) estimation module 52. These mod 
ules demonstrate various possible processes that make use of 
the stabilized noise covariance matrix produced by validation 
and stabilization module 40. In alternative embodiments, pro 
cessor 32 may comprise any Subset of these modules, or any 
other Suitable module that processes the received signals 
using the stabilized noise covariance matrix. 
IRC 44 is used, for example, to combine the signals that are 

received by antennas 24 when the transmitter deploys a single 
transmit antenna or uses a transmit diversity transmission 
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scheme. MMSE equalizer 48 is used, for example, to combine 
the signals that are received by antennas 24 when the trans 
mitter uses a spatial multiplexing transmission scheme. CSI 
estimation module 52 estimates the response of the commu 
nication channels via which the signals are received by anten 
nas 24. The channel response is typically expressed using one 
or more CSI metrics. 

Modules 44, 48 and 52 are typically able to provide 
improved performance when operating on the full noise cova 
riance matrix, as opposed to operating only on the diagonal 
matrix elements. Consider, for example, a scenario of a single 
transmit antenna and two receive antennas 24, in which the 
received signal is given by: 

Yo = S + 0.7. I + v 0.001. No Equation 2 

Y = S + 0.3. I + V0.001. Ni 

wherein S denotes a transmitted symbol, I denotes an inter 
ference term, N, denotes the noise term at the i' receive 
antenna, and Y, denotes the received signal at the i' receive 
antenna (i-0.1). The noise terms No and N and the interfer 
ence term I are all assumed to be uncorrelated with one 
another. The noise and interference terms areassumed to have 
an average power of unity, i.e., E{IN, I'}=E{III'}=1. 

In this example scenario, IRC equalization by module 44 
would produce a signal (an estimate of the transmitted sym 
bol) that is given by: 

Š = [1 1] - R, Equation 3 

wherein the noise (including interference) covariance matrix 
R., is given by: 

0.7? -- 0.001 Equation 4 

0.7.0.3 0.3 + 0.001 

0.7. 0.3 

From Equation 4 it can be shown that the Signal to Noise 
Ratio (SNR) at the output of IRC module is approximately 24 
dB when using the full noise covariance matrix, and only 
approximately 11 dB when using only the diagonal terms of 
the matrix (i.e., when Substituting R, of Equation 4, with its 
off-diagonal elements set to Zero, into Equation 3). 
On the other hand, as explained above, using the full noise 

covariance matrix may lead to stability problems. Typically 
although not necessarily, stability problems are likely to 
occur if the estimated noise covariance matrix is not positive 
definite. In some embodiments, unit 42 in Stabilization mod 
ule 40 validates the estimated noise covariance matrix that is 
provided by module 36, typically by evaluating a stability 
criterion that requires the magnitudes of the off-diagonal 
elements of the matrix to be sufficiently small relative to the 
diagonal elements. The criterion typically requires that the 
estimated noise covariance matrix be positive-definite. 

If the stability criterion is violated, unit 43 in module 40 
stabilizes the estimated noise covariance matrix so as to meet 
the criterion, e.g., by modifying some of the matrix elements 
until the matrix becomes positive-definite. Modules 44, 48 
and 52 operate on the stabilized matrix, and therefore can 
achieve Superior performance without risk of instability. Sev 
eral examples of stabilization criteria and stabilization 
schemes are described below. 
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6 
The receiver configuration shown in FIG. 1 is an example 

configuration, which is depicted solely for the sake of clarity. 
In alternative embodiments, any other suitable receiver con 
figuration can be used. For example, the disclosed techniques 
can be used with receivers having any suitable number of 
receive antennas. Receiver elements that are not mandatory 
for understanding of the disclosed techniques have been omit 
ted from the figure for the sake of clarity. 

In some embodiments, some or all of the elements of 
receiver 20, including RX FE28 and BB processor 32 includ 
ing modules 36, 40, 42, 43,44, 48 and 52, are implemented in 
hardware, such as using one or more Radio Frequency Inte 
grated Circuits (RFICs), Field-Programmable Gate Arrays 
(FPGAs) or Application-Specific Integrated Circuits 
(ASICs). In an alternative embodiment, certain receiver ele 
ments, such as certain elements of BB processor 32, are 
implemented in a programmable processor, which is pro 
grammed in Software to carry out the functions described 
herein. The software may be downloaded to the processor in 
electronic form, over a network, for example, or it may, alter 
natively or additionally, be provided and/or stored on non 
transitory tangible media, Such as magnetic, optical, or elec 
tronic memory. 

FIG. 2 is a flow chart that schematically illustrates a 
method for stabilizing noise covariance matrix R, in accor 
dance with an embodiment that is described herein. The 
example of FIG. 2 refers to stabilization of a 2-by-2 matrix. 
This technique, however, can be generalized in a straightfor 
ward manner to noise covariance matrices of any other 
dimensions. 

In the disclosed embodiment, the method begins with sta 
bilization module 40 accepting an estimated noise covariance 
matrix from R, estimation module 36, at an input operation 
60. Initially, module 40 checks whether the estimated noise 
covariance matrix is sufficiently similar to a diagonal matrix. 
If so, in an embodiment, only the diagonal matrix elements 
are used and the off-diagonal matrix elements are ignored. 
When the off-diagonal matrix elements are sufficiently small 
relative to the diagonal elements (e.g., at least one or two 
orders of magnitude Smaller). Such an approximation elimi 
nates the risk of instability while causing little or no perfor 
mance degradation. This situation occurs, for example, when 
the noise terms at the receive antennas comprise white spatial 
noise. 

In the embodiment of FIG. 2, module 40 checks whether 
the ratio between the non-Zero off-diagonal matrix elements 
and the diagonal matrix elements is Smaller than a predefined 
threshold, at a threshold checking operation 64. In an example 
embodiment, for each iz the ratio between the magnitude 
|R(i,j) of the ij" element of the R, matrix and the minimal 
(or some mean) value of the diagonal elements R., (ii) and 
R() is computed, to decide whether this ratio is Smaller 
than the predefined threshold. If so, module 40 resets the 
non-Zero off-diagonal matrix element to Zero, at a resetting 
operation 68. Otherwise, operation 68 is bypassed. 

For the case of two receive antennas, the threshold com 
parison of operation 64 can be written as: 

|cP C Equation 5 
- < TH1, R = ? ... ?, * b. 

wherein Th1 denotes the threshold, a and b denote the (real) 
diagonal matrix elements of R, and c and c denote the pair 
of complex conjugate off-diagonal elements of R. If the 
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referred to as Wi-Fi). WiMAX networks operating in accor 
dance with IEEE 802.16 specifications, or in any other suit 
able system or application. 

It is noted that the embodiments described above are cited 
by way of example, and that the present invention is not 
limited to what has been particularly shown and described 
hereinabove. Rather, the scope of the present invention 
includes both combinations and sub-combinations of the 
various features described hereinabove, as well as variations 
and modifications thereof which would occur to persons 
skilled in the art upon reading the foregoing description and 
which are not disclosed in the prior art. Documents incorpo 
rated by reference in the present patent application are to be 
considered an integral part of the application except that to the 
extent any terms are defined in these incorporated documents 
in a manner that conflicts with the definitions made explicitly 
or implicitly in the present specification, only the definitions 
in the present specification should be considered. 
The invention claimed is: 
1. A method, comprising: 
receiving a signal via multiple receive antennas; 
estimating a noise covariance matrix, which indicates 

noise correlations between pairs of the receive antennas, 
including estimating one or more non-Zero off-diagonal 
elements of the noise covariance matrix: 

evaluating a stability criterion defined over the non-zero 
off-diagonal elements of the noise covariance matrix by 
Verifying whether the non-Zero off-diagonal elements 
are Smaller than a threshold in relation to diagonal ele 
ments of the noise covariance matrix, and modifying the 
noise covariance matrix by reducing values of one or 
more of the non-zero off-diagonal elements when the 
stability criterion is violated; and 

processing the received signal using the modified noise 
covariance matrix. 

2. The method according to claim 1, wherein processing 
the received signal comprises demodulating the received sig 
nal using the modified noise covariance matrix. 

3. The method according to claim 1, wherein processing 
the received signal comprises computing one or more Chan 
nel State Information (CSI) metrics using the modified noise 
covariance matrix. 

4. The method according to claim 1, wherein Verifying 
whether the non-zero off-diagonal elements are smaller than 
the threshold comprises calculating a ratio between the non 
Zero off-diagonal elements and the diagonal elements, and 
comparing the ratio to the threshold. 

5. The method according to claim 1, wherein evaluating the 
stability criterion comprises verifying whether the noise 
covariance matrix is positive-definite, and wherein modify 
ing the noise covariance matrix comprises Scaling down the 
non-Zero off-diagonal elements by a predefined scale factor. 

6. The method according to claim 5, wherein Scaling down 
the non-zero off-diagonal elements comprises iteratively 
Scaling down the non-Zero off-diagonal elements until the 
noise covariance matrix becomes positive-definite. 

7. The method according to claim 1, comprising, upon 
detecting that a diagonal element of the noise covariance 
matrix is non-positive, setting the diagonal element to a posi 
tive value. 

8. The method according to claim 1, wherein modifying the 
noise covariance matrix comprises causing the noise covari 
ance matrix to meet the stability criterion. 
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9. The method according to claim 1, wherein receiving the 

signal comprises receiving one of a Single-Input Multiple 
Output (SIMO) signal and a Multiple-Input Multiple-Output 
(MIMO) signal via the multiple receive antennas. 

10. Apparatus, comprising: 
a receiverfront-end, which is configured to receive a signal 

via multiple receive antennas; and 
a processor, which is configured to estimate a noise cova 

riance matrix that indicates noise correlations between 
pairs of the receive antennas, including estimating one 
or more non-Zero off-diagonal elements of the noise 
covariance matrix, to evaluate a stability criterion 
defined over the non-zero off-diagonal elements of the 
noise covariance matrix by Verifying whether the non 
Zero off-diagonal elements are Smaller than a threshold 
in relation to diagonal elements of the noise covariance 
matrix, to modify the noise covariance matrix by reduc 
ing values of one or more of the non-Zero off-diagonal 
elements when the stability criterion is violated, and to 
process the received signal using the modified noise 
covariance matrix. 

11. The apparatus according to claim 10, wherein the pro 
cessor is configured to demodulate the received signal using 
the modified noise covariance matrix. 

12. The apparatus according to claim 10, wherein the pro 
cessor is configured to compute one or more Channel State 
Information (CSI) metrics using the modified noise covari 
ance matrix. 

13. The apparatus according to claim 10, wherein the pro 
cessor is configured to verify whether the non-zero off-diago 
nal elements are smaller than the threshold by calculating a 
ratio between the non-Zero off-diagonal elements and the 
diagonal elements, and comparing the ratio to the threshold. 

14. The apparatus according to claim 10, wherein the pro 
cessor is configured to evaluate the stability criterion by veri 
fying whether the noise covariance matrix is positive-definite, 
and to modify the noise covariance matrix by Scaling down 
the non-Zero off-diagonal elements by a predefined scale 
factor. 

15. The apparatus according to claim 14, wherein the pro 
cessor is configured to iteratively scale down the non-zero 
off-diagonal elements until the noise covariance matrix 
becomes positive-definite. 

16. The apparatus according to claim 10, wherein, upon 
detecting that a diagonal element of the noise covariance 
matrix is non-positive, the processor is configured to set the 
diagonal element to a positive value. 

17. The apparatus according to claim 10, wherein, by 
modifying the noise covariance matrix, the processoris con 
figured to cause the noise covariance matrix to meet the 
stability criterion. 

18. The apparatus according to claim 10, wherein the 
receiver front-end is configured to receive one of a Single 
Input Multiple-Output (SIMO) signal and a Multiple-Input 
Multiple-Output (MIMO) signal via the multiple receive 
antennaS. 

19. A mobile communication terminal comprising the 
apparatus of claim 10. 

20. A chipset for processing signals in a mobile communi 
cation terminal, comprising the apparatus of claim 10. 

? ? ? ? ? 


